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Description

BACKGROUND OF THE INVENTION

[0001] Historically, thermal spray plasma guns use Tungsten (W) doped with preferably either Thorium or Lanthanum
as cathode emitters due to the desired thermionic emission properties. The use of these same Tungsten materials has
also been used in anodes in order to also improve their hardware life. This material works well in both cathodes and
anodes because Tungsten has a high melting point as well as a thermal conductivity about one third that of copper. The
use of doped Tungsten in nozzles improves hardware life but has disadvantages in that the material can also fracture,
and in the case of Thoriated Tungsten, becomes a hazardous material problem in the waste stream because it is
radioactive.
[0002] Currently, plasma gun nozzle anodes are typically of two types. Either they are made with a doped Tungsten
lining or they are made of pure copper. Recent studies and extensive testing indicate that Tungsten always fractures
when used as a lining in plasma gun anodes and this fracturing can lead to substantially reduced hardware life. Cracks
act to attract the arc. Thus, in most conventional plasma guns the arc needs to be kept in constant motion to prevent
the arc from destroying the surface material at the location of arc attachment. Once cracking occurs the cracks attract
the arc and this promotes elevated rates of surface decay due to the thermal loading, and can even cause catastrophic
failure of the Tungsten lining if the arc were to stop moving completely and the thermal stresses become excessive. The
more severe or pronounced the cracks the increased chance that the arc will linger on the cracks.
[0003] Plating of plasma gun anodes with Tungsten and even Tungsten carbide has also been attempted, however,
with only limited success. The thickness of the plated layer, e.g., between 0.0254 and 0.254 mm (1 and 10 thousandths
of an inch), is insufficient to protect the underlying copper from melting even when the plating is Tungsten. In the case
of Tungsten carbide plating, the electrical and thermal conductivity properties are not suitable.
[0004] The performance of doped Tungsten is better than copper, but considerable room for improvement can be
obtained in finding a material that is better suited with the following properties:

1. Is more ductile and fracture tolerant than Tungsten, specifically under high thermal loading and high temperature
gradients.
2. Possesses similar high melting point or as close as possible.
3. Possesses a high enough thermal conductivity to compensate for a lower melting point than Tungsten.

[0005] As a result of experience gained in the art of the type described above, nozzles used in thermal spray guns
are typically lined with a liner material or sleeve in order to promote longer hardware life rather than being made entirely
of a pure material such as copper. As noted above, a common liner material is Tungsten. Historically, however, a wall
thickness of the Tungsten liner was set arbitrarily, i.e., based upon considerations such as using a common or standard
diameter Tungsten blank for a complete family of nozzle bore diameters, with the main concern being ease of manufacture.
Thus, there was no attempt to study or optimize characteristics of the lining material such as lining wall thickness. The
typical Tungsten material used for the lining material was often chosen to be the same as that used for the plasma gun
cathode (i.e., the cathode electrode). This choice was also made for reasons of ease of manufacture since it only requires
the sourcing of a single material.
[0006] Although Tungsten lined plasma gun nozzles have increased life, when compared to nozzles without such
lining materials, i.e., pure copper nozzles, they are nevertheless subject to cracking and even failure. The cracking is
believed result from high thermal localized stresses occurring within the Tungsten and worsens over time as the plasma
gun is operated. The cracking typically occurs in an area or zone known as the arc attaching zone, as will be described
below with reference to Fig. 3. This is a zone where a plasma arc makes electrical contact with an inside surface of the
lining material after being discharged from a tip area of the cathode. It is this zone of the Tungsten lining that is believed
to experience the most thermal stress.
[0007] In most cases the cracks align axially with the gun (or Tungsten lining) bore. These axial cracks (see ref. AC
in Fig. 3) can have an effect on the overall hardware life as well as on the arc behavior. In some cases, however, cracks
can form that are instead oriented circumferentially within the plasma nozzle bore (see ref. LF in Fig. 3). These cracks
are more problematic than the axial cracks, and have been associated with the catastrophic failure of the Tungsten
lining; in which portions of the lining actually separate from the lining material, enter the plasma stream and can even
be introduced into (or contaminate) the coating of the substrate being coated by the plasma spray gun. At the very least,
the presence of these circumferential cracks have a large adverse effect on plasma arc stability - resulting in an even
greater effect than that produced by the axial cracks. To prevent this, nozzles are typically replaced on a regular basis;
which adds to manufacturing costs of the coating.
[0008] Since there is no way to predict the potential for the more problematic circumferential cracks and the eventual
catastrophic failure of the lining material, personnel operating plasma guns equipped with such nozzles must be extra
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diligent in checking for signs of potential cracking - which can sometimes be detected by monitoring plasma gun voltage
behavior. Based on such signs, the operator will typically stop the coating process and replace the nozzle with a new
nozzle. This unpredictability has, at the very least, the effect of reducing the operating lifetime advantage of Tungsten
lined nozzles.
[0009] Thus, there remains a need to improve the consistency, predictability and operating life of plasma gun hardware
as well as the overall gun performance. One way to do this is to reduce the potential for cracking within the nozzle lining
or nozzle bore.
[0010] What is additionally and/or alternatively needed in the art is a nozzle anode lining material that has improved
life over that currently achieved and that overcomes one or more disadvantages noted above, such as being more
environmentally safer as well as fracture tolerant in high temperature applications.
[0011] As the information noted above is also believed to be applicable to the art of plasma rocket nozzles or thrusters,
what is needed in the art of plasma rocket nozzles or thrusters is a rocket nozzle or thruster that has comparable improved
life and benefits.

SUMMARY OF THE INVENTION

[0012] In accordance with the present invention is provided a plasma nozzle according to claim 1. Significantly greater
means, in this context, more than about 25% greater than a typical maximum plating thickness of 0.25 mm. An acceptable
wall thickness is at least twice a typical plating thickness or greater than 0.5 mm thick.
[0013] In embodiments, at least one of: a wall thickness of the liner material has a value determined in relation to or
that corresponds to a wall thickness of the nozzle body and a ratio of a total wall thickness of a portion of a nozzle to
that of a wall thickness of the liner material has a value determined in relation to or that corresponds to the wall thickness
of liner material.
[0014] In embodiments, the ratio is equal to or greater than about 3.5:1. In embodiments, the ratio is at least one of:
between about 3.5:1 and about 7:1; between about 4.1:1 and about 6:1; and about 5:1.
[0015] In embodiments, the liner material is Tungsten alloy. In embodiments, the liner material is Molybdenum. In
embodiments, the liner material is one of Silver and Iridium.
[0016] In embodiments, the nozzle body is made of a copper material.
[0017] In embodiments, the wall thickness of the nozzle body and the liner material are each measured in an axial
area of an arc attachment zone.
[0018] In embodiments, in normal operation, the liner material experiences less or comparable thermal stress in an
area of an arc attachment zone than in an area downstream of the arc attachment zone.
[0019] In embodiments, the wall thickness of the liner material is at least one of between about 0.25 mm and about
1.25 mm, between about 0.50 mm and about 1.0 mm, and between about 0.75 mm and about 1.0 mm.
[0020] In embodiments, the gun further comprises a cathode and an anode body through which cooling fluid circulates.
[0021] In embodiments, there is provided a plasma nozzle comprising a nozzle body and a liner material arranged
within the nozzle body. A material of the nozzle body has a lower melting temperature than that of the liner material and
comprises one of: a Tungsten alloy having a wall thickness one of significantly greater than 0.25 mm and greater than
0.5 mm; Molybdenum; Silver; and Iridium.
[0022] The plasma nozzle is suitable for a plasma rocket. In embodiments, the plasma nozzle is suitable for a thermo
or thermal spray gun.
[0023] In embodiments, at least one of a wall thickness of the liner material has a value determined in relation to a
wall thickness of the nozzle body and a ratio of a total wall thickness of a portion of a nozzle to that of a wall thickness
of the liner material has a value determined in relation to or that corresponds to the wall thickness of liner material.
[0024] In embodiments, the ratio is equal to or greater than about 3.5:1. In embodiments, the nozzle is a replaceable
nozzle. In embodiments, the ratio is at least one of: between about 3.5:1 and about 7:1; between about 4.1:1 and about
6:1; and about 5:1.
[0025] The liner material comprises Tungsten alloy, Molybdenum, Silver or Iridium. In embodiments, the wall thickness
of the liner material is at least one of: between about 0.25 mm and about 1.25 mm; between about 0.50 mm and about
1.0 mm; and between about 0.75 mm and about 1.0 mm.
[0026] In accordance with the invention, there is provided a method of making the nozzle of claim 4 according to claim 8.
[0027] In accordance with the invention, there is provided a method of coating a substrate according to claim 9.
[0028] Other exemplary embodiments and advantages of the present invention may be ascertained by reviewing the
present disclosure and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The present invention is further described in the detailed description which follows, in reference to the noted
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drawings by way of a non-limiting example embodiment of the present invention, and wherein:

Fig. 1 shows a side cross-section schematic view of a thermo spray gun having a nozzle with a Tungsten lining
material;
Fig. 2 shows a schematic nozzle used in the plasma gun of Fig. 1 and with the lining material removed for purposes
of illustration;
Fig. 3 shows the nozzle of Fig. 2 with a Tungsten lining material disposed therein. Also shown are examples of both
axial cracks and a circumferential lining failure crack formed in the lining as can occur after a significant amount of
use in a plasma gun;
Fig. 4 shows a commercially usable nozzle similar to that of Fig. 3 and illustrating an arc attachment zone which is
shown in crisscross sectioning;
Fig. 5 shows a cross-section view of Section A-A in Fig. 4;
Fig. 6 shows a computer model cross-section of a bore portion of a conventional nozzle lining and illustrates the
localized thermal stresses (shown as darker regions) which occur in an area of the arc attachment zone;
Fig. 7 shows a computer model cross-section of a bore portion of a nozzle lining in accordance with an embodiment
of the invention and shows an absence of localized thermal stresses in an area of the arc attachment zone in contrast
to Fig. 6;
Fig. 8 shows another non-limiting embodiment of a nozzle in accordance with the invention;
Fig. 9 shows still another non-limiting embodiment of a nozzle in accordance with the invention;
Fig. 10 shows a cross-section view of Section B-B in Fig. 9;
Fig. 11 shows a chart describing differential temperature versus thermal conductivity; and
Fig. 12 shows an exemplary rocket nozzle having a lining material in accordance with the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0030] The particulars shown herein are by way of example and for purposes of illustrative discussion of the embod-
iments of the present invention only and are presented in the cause of providing what is believed to be the most useful
and readily understood description of the principles and conceptual aspects of the present invention. In this regard, no
attempt is made to show structural details of the present invention in more detail than is necessary for the fundamental
understanding of the present invention, the description taken with the drawings making apparent to those skilled in the
art how the several forms of the present invention may be embodied in practice.
[0031] Plasma guns used to spray coatings, like the one encompassed by embodiments of the invention, have a
cathode and an anode. The anode can also be referred to as a nozzle in these plasma guns as it also serves a fluid
dynamic function in addition to functioning as the positive side of the electrical circuit forming the plasma arc. The nozzle
is fluid cooled, i.e., with water, to prevent melting and is typically constructed of a copper material as it possesses a high
thermal conductivity. Nozzles having a lining of Tungsten located in an area of the inside bore facing the plasma arc are
produced to provide improved/longer hardware life over those just made of copper. Tungsten has a relatively high thermal
conductivity as well as a very high melting temperature. Fig. 1, which will be described in more detail below, schematically
shows a cross section of a plasma gun having a water-cooled nozzle which can be used in accordance with the invention.
[0032] Tungsten lined plasma nozzles use Tungsten linings that are typically 1 or more mm in thickness. In some
cases the Tungsten may be over 3 mm in thickness. The lining material sleeve is often made of Thoriated Tungsten,
which is the same composition used in plasma gun cathodes or electrodes. Both the composition and overall diameter
of the Tungsten used to fabricate the nozzle, however, is typically chosen as a matter of convenience. In many cases,
the outside diameter of the Tungsten liner used is held constant while its bore diameter varies according to a particular
application of gun type. No consideration in the design or configuration of these plasma gun nozzles is given to selecting
an optimal wall thickness for the Tungsten lining.
[0033] In addition to the thickness of the Tungsten lining, the ratio of the wall thickness of the lining to the overall wall
thickness of the nozzle body from the closest distance to the cooling water channel is typically around 1:2. This means
the wall thickness of the Tungsten liner is about as thick as the wall thickness of the copper body.
[0034] As will be shown below with reference to Fig. 6, it has been discovered that having a relatively thick (wall
thickness) Tungsten lining and a relatively high Tungsten to copper thickness ratio can result in high concentrations of
internal stress being formed in the Tungsten lining during operation. This can result in the eventual failure of the Tungsten
liner as mentioned above. Embodiments of the invention, which will be described with reference to Figs. 1-5 and 7-10,
takes into account these considerations.
[0035] In a similar vein, the inventors have undertaken further research on material properties of nozzle material and
turned up a number of potential materials that can be used to make the nozzle. In the case of pure metals, it has been
discovered, as will be shown in detail below, that Silver, Iridium, and Molybdenum have desirable properties. However,
both Silver and Iridium are considered as being too expensive for practical use while Molybdenum is considered afford-
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able. Tungsten alloys containing small amounts of iron or nickel were also determine to have acceptable properties.
Alloying of metals almost always reduces thermal and electrical conductivity, but in cases where only small amounts of
one or two metals is used, bulk properties can approach 90% or higher of the primary metal in the alloy. This is the case
with Tungsten alloys as well.
[0036] A methodology of selecting materials involves graphing the differential temperature versus the thermal con-
ductivity of each possible material in order to select materials that are likely to withstand direct contact with a plasma
arc. The differential temperature is preferably the difference between the melting point and average plasma gas tem-
perature (9000 K) and at the least an inverse of the melting temperature. Using this methodology results in desirable
materials being located on the upper left side of the chart shown in Fig. 11 because, in principle, the upper left corner
of the chart would provide the best results. But, as can be seen in Fig. 11, no materials possessing the desired properties
can be found there. However, materials located within the encircled area of Fig. 11 represent property bounds considered
ideal for use as an anode lining best suited to withstand the rigors of a plasma arc.
[0037] Referring again to Fig. 11, it can be discerned that the pure metals described previously (Molybdenum, Iridium,
Tungsten, Copper, and Silver) fall within the encircled area with Tungsten being the farthest to the left. Molybdenum
and Iridium are to the right near the edge of the desired area. Both of these metals are more ductile and thus considered
less susceptible to thermal shock. Copper and Silver are located along the right side of the encircled area. These two
materials are also ductile and, as noted above, Copper has been used in plasma guns since their inception without any
issues with thermal shock, cracking, etc.
[0038] Ideal Tungsten alloys are shown on Fig. 11 to be located between Tungsten and Molybdenum. The properties
of these alloys were estimated from other known properties for these alloys. The preferred alloy of Tungsten contains
about 2.1% (weight percent) of Nickel and about 0.9% (weight percent) Iron. Other concentrations of Nickel and copper
are possible with higher amounts having lower melting points and thermal conductivity, but with higher ductility while
lower amounts have higher melting points and thermal conductivity, but with lower ductility.
[0039] Other possible alloying elements with Tungsten include Osmium, Rhodium, Cobalt, and Chromium. These
metals possess high enough melting and high thermal conductivity so as to fall within the encircled area on Fig. 11.
[0040] Reference is now made to Figs. 2 and 3. In accordance with embodiments of the invention, plasma gun nozzles
were made using linings made of commercial grade Molybdenum, and a preferred alloy of Tungsten (2.1% Ni and 0.9%
Fe). These were tested and compared to conventional Tungsten lined nozzles (see Fig. 3) and a copper only nozzle
(see Fig. 2). The lined nozzle of Fig. 3 was made using the different materials mentioned above (Molybdenum, High
Tungsten Alloy, and Tungsten). These nozzles were then subjected to operation in a plasma gun at an extreme high
energy parameter known to result in poor hardware performance. The results are tabulated in table 1 noted below.

[0041] As can be seen from Table 1, conventional nozzles using a Thoriated Tungsten liner (per Fig. 3) lasted an
average of 14.32 hours before severe cracking resulted in rapid voltage decay and/or failure of the Tungsten lining.
There was little evidence of melting except in one case where the arc attached to a severe crack. The range of hardware
life varied from about 10 hours to 17 depending mostly on the severity of cracking.
[0042] Nozzles fabricated in accordance with an embodiment of the invention and using a preferred alloy of Tungsten
(2.1% Ni and 0.9% Fe) as the liner material (again resembling Fig. 3) lasted an average of 5.28 hours before melting
resulted in rapid voltage decay. There were no cracks or signs of the Tungsten alloy liner failing. The range of hardware
life varied from about 4 to 6 hours and depending entirely upon the extent of melting. Although not lasting as long as
the Thoriated Tungsten liner nozzle, the Tungsten alloy liner nozzle offers much improved performance compared to a
copper only nozzle as will be described below.
[0043] Next in Table 1 are listed nozzles fabricated using Molybdenum as the liner material (again resembling Fig. 3)
in accordance with an embodiment of the invention. These nozzles lasted an average of 10.76 hours before a gradual
voltage decay determined the end of life. There were signs of some very minor cracking at high magnification that did
not appear to have any effect on arc behavior and only some melting was observed. The range of hardware life varied

Table 1

Liner Material Average Life Cracking Melting Failure mode

Thoriated Tungsten 14.32 hours Yes No Severe cracking

Tungsten Alloy 5.28 hours No Yes Melting

Molybdenum 10.76 hours No Yes Voltage Decay

Copper 4.08 hours No Yes Severe melting

Thin Molybdenum 14.33 hours No No Voltage Decay
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from about 9 hours to 11 hours depending upon the rate of voltage decay which was fairly consistent.
[0044] Also listed on Table 1 are conventional nozzles fabricated from Copper only (per Fig. 2). These lasted an
average of only 4.08 hours before sever melting resulted in rapid voltage decay. Again no cracking was observed. The
range of hardware life varied from around 3 hours to 5 hours and depending entirely on the extent of melting. As can
be seen from Table 1, both Tungsten alloy lined nozzles and Molybdenum lined nozzles in accordance with the invention
performed better than copper only, with Molybdenum lined nozzles performing having much better performance. Both,
however, offer performance that is still below that of Thoriated Tungsten liner nozzle. However, because both lacks the
environmental disadvantages of Thoriated Tungsten liner nozzles, they nevertheless represent a significant improvement
in the art.
[0045] However, the inventors have also discovered that nozzles having a liner resembling that of Fig. 3 can be
significantly improved so as to have a performance that is closer to or even better than that a Thoriated Tungsten liner
nozzle. By fabricating a nozzle having a liner in accordance with Fig. 8 (which will be described in detail below), one can
obtain comparable performance. For example, referring back to Table 1, one can see that if the nozzle is made in
accordance with Fig. 8 so as to have a relatively thinner lining of Molybdenum, one can vastly improve the nozzle
performance. Accordingly, nozzles with Thin Molybdenum liners were tested in the same fashion and found to last 14.33
hours before a gradual voltage decay determined end of life. In this example there were no signs of cracking and no
melting significant enough to affect the performance of the nozzle. The thinner lining configuration was designed in
accordance with embodiments of the invention so as to have a ratio between the total thickness of the Molybdenum
(dimension C in Fig. 8) and of the Copper (dimension D in Fig. 8) to just the Molybdenum Wall thickness (dimension C
in Fig. 8) of 5.28:1 and having a Molybdenum wall thickness C of 1.04 mm. The ratio is this (C+D) / C. The range of
hardware life varied from about 13 to 15 hours and depending on the rate of voltage decay.
[0046] Thus, to summarize Table 1, using either a Tungsten alloy lining that has a thickness greater than typical plating
thicknesses in a plasma nozzle or using a Molybdenum lining in a plasma nozzle advantageously and significantly
improves nozzle performance when compared to pure copper nozzles. To improve performance even further, one can
optimize the thickness ratio between the nozzle wall and liner thicknesses to be with an optimal range and achieve
comparable performance, and thus offer a replacement for Thoriated Tungsten lined nozzles.
[0047] With the above information in mind, exemplary embodiments of the nozzle in accordance with the invention
will now be described as well as non-limiting ways of making and using the same.
[0048] Fig. 1 schematically shows a plasma spray gun that can be used to practice the invention. The plasma gun 1,
like a conventional plasma gun, includes a gun body 10 that can accommodate a nozzle 20 and which includes, among
other things, cooling passages which circulate cooling fluid entering via an inlet 11 and exiting via an outlet 12. The
cooling passages are such that cooling fluid enters spaces 30 surrounding the nozzle 20 and passes (see direction of
arrows) from a first annular space arranged on one side of nozzle cooling fins 24 to a second annular space arranged
on an opposite side of the cooling fins 24. The cooling fluid is heated by the cooling fins 24 and functions to transfer
heat away from the nozzle 20 out through the outlet 12.
[0049] The nozzle 20 has a first or cathode receiving end 21 and a second or plasma discharging end 22 having a
flange. The cooling fins 24 surround an intermediate portion of the nozzle 20 and function to conduct heat away from
an area of the nozzle bore which experiences heating generated by electric arc 40. The arc 40 results when a voltage
potential is created between a cathode 50 and an anode 60 whose function is performed by the body 10. The arc 40
can form anywhere in the bore an area referred to as an arc attachment zone 70 (see Fig. 4). Because this zone
experiences very significant heating due to the arc 40, the cooling fins 24 are arranged in an area of the nozzle body
surrounding this zone. As explained above, the nozzle 20 also can include a lining material 23. which can withstand
higher temperatures than the material making up the main portion or body of the nozzle 20. In the example shown in
Fig. 1, the material making up the main portion or body of the nozzle 20 is a copper material while the liner or lining
material 23 is a Tungsten material.
[0050] With reference to Figs. 2-4, it can be seen that the nozzle 20 (with the liner removed) defines a lining receiving
opening 25 (see Fig. 2) which is generally cylindrical and extends between the discharging end 22 and an annular
shoulder 26. The liner 23 typically has an outer cylindrical diameter slightly larger than the opening 25 so that there is
an interference fit therebetween all the way up to the point where it contacts the annular shoulder 26 (see Fig. 3). During
manufacture of the nozzle 20, the main bore 29 and tapered inlet section 28 are machined to the desired specification
sizes. As explained above, when the nozzle 20 is used for a significant amount of time during plasma spraying, axial
cracks AC and even circumferential cracks leading to lining failure LF can result. These are shown in Fig. 3 for purposes
of illustration, and typically occur in the arc attachment zone 70 schematically illustrated in Fig. 4. The zone 70 typically
extends from a position 71 located slightly upstream of a diameter transition point 27 (see Fig. 3) to a position 72 located
downstream of the point 27. The width of the zone 70 can be defined by the value "W". Although this zone 70 can vary
in axial length, and the arc 40 does not contact or move around to every part of the inner surface in the zone 70 equally,
it generally has a maximum axial width defined by the positions 71 and 72.
[0051] With reference to Fig. 6, it can be seen that if the liner 23 is not properly sized to the nozzle 20 (as is the case
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conventionally), the result is that very significant localized thermal stresses can be created in the liner material, and are
especially located in the arc attachment zone. This is evident in the computer model shown in Fig. 6 which shows the
areas of highest thermal stresses in dark shading being located in the arc attachment zone portion of the liner material.
Embodiments of the invention aim to avoid the kind of stresses evident in Fig. 6, but takes into consideration the
information provided therein. Moreover, when one compares the example of Fig. 6 with that of Fig. 3, one can appreciate
that the stress concentrations that occur within an incorrectly designed Tungsten lined plasma nozzle, can lead to internal
cracking as observed in Fig. 3. As is apparent, the cracking shown in Fig. 3 occurs in the very area of Fig. 6 which shows
the highest stress, i.e., within the area known as the arc attachment zone 70.
[0052] With reference to Fig. 7, it can be seen that if the liner 23 is properly sized to the characteristics of the nozzle
20 (as is the aim of the invention), the result is that very significant localized thermal stresses are no longer created in
the liner material, and especially are not concentrated in the arc attachment zone 70. This is evident in the computer
model shown in Fig. 7 which (in contrast to Fig. 6) no longer shows areas of highest thermal stresses being located in
the arc attachment zone of the liner material. Instead, the computer model shows an absence of localized thermal
stresses in an area of the arc attachment zone. In particular, unlike Fig. 6, the thermal stresses resulting from the invention
are less localized, are more attenuated, do not occur to greater extent in the arc attaching zone, are very significantly
reduced in the arc attachment zone, and are more even distributed throughout the downstream length of the nozzle bore.
[0053] With reference to Fig. 8, it can be seen how a nozzle body of the type shown in Figs. 2 and 3 can be designed
to include a liner in accordance with the invention with the aim of achieving the stress profile shown in Fig. 7. In this
embodiment, the nozzle 120 is manufactured with a liner material sleeve 123 in such a way as to eliminate or significantly
reduce the localized thermal stresses associated with conventional nozzles, and especially so in an area of the arc
attachment zone. This can be accomplished in a number of ways as will be described herein. In the embodiment of Fig.
8, this is accomplished by manufacturing the nozzle 120 so that the liner sleeve 123 has an outer cylindrical diameter
"A", an inside cylindrical diameter "B" (which also defines the central bore of the nozzle 120), and a wall thickness "C".
Furthermore, the wall thickness "C" is sized in relation to one or more characteristics of the main body portion of the
nozzle 120. These characteristics include, among other things, the wall thickness "D" and/or the overall diameter "E"
of the body of the nozzle 120. The diameter "E" can typically extend across axial width "Y" in Fig. 8. Additional char-
acteristics include tailoring the thermal conductivity (which is a function of the wall thickness "C") of the liner 123 to that
of the portion of the body surrounding the liner, i.e., to the wall thickness "D". This is especially the case in an area of
the fins 124 and a portion of the body arranged immediately downstream of the fins 124 and which has a surface that
can be placed in contact with the cooling fluid, i.e., the wall thickness "D" within axial width of the arc attachment zone.
The axial length "Y" of the portion of the body of the nozzle 120 to which one tailors the wall thickness "C" of the liner
123 can extend from an upstream end of the fins 124 up to as far as the flange located at the downstream end 122 as
shown in Fig. 8. However, value "C" is measured from point 127 to end 122 in Fig. 8, and is of most concern within an
area defined by the axial width of the arc attachment zone.
[0054] In the non-limiting embodiment of Fig. 8, the wall thickness "D" should be of greater thickness than the wall
thickness "C". A ratio of the wall thickness "D" to that of wall thickness "C" starting from an axial location corresponding
the transition 127 and extending toward end 122 by an amount that is a fraction of the length "Y" should be a focus of
concern. However, as noted above, the main focus should be the values arranged within an axial length shorter than
"Y" such as that containing the arc attachment zone (see ref. 70 in Fig. 4). One should, for example, at least specifically
take into account the values "C", "D" and "E" within the axial length "W" defined by the arc attachment zone (see also
Fig. 4). By way of non-limiting examples, with the body of the nozzle 120 being made of a copper material and the liner
123 being made of a Tungsten material, these values can those specified in the table below.
[0055] According to one non-limiting example, a plasma gun nozzle of the type shown in Fig. 1 can be configured to
utilize a nozzle 120 comparable to that of Fig. 8 and that utilizes a Tungsten alloy lining or liner 123 whose wall thickness
"C" is approximately 1.04 mm and which utilizes a ratio of total thickness (C + D) to Tungsten alloy lining wall thickness
C of about 5.28. Using such values, the nozzle 120 can be made operated with the stress profile closer to that of Fig. 7
while avoiding the stress concentrations shown in Fig. 6. Like that of Fig. 4, the liner 123 can include an upstream tapered
portion 128 that generally matches the tapered upstream portion of the nozzle body and extends to transition 127 as
shown in Fig. 8. The liner 123 can also include the main bore portion 129 that extends from the transition 127 to the end
122 of the nozzle 120.
[0056] With reference to Figs. 9 and 10, it can be seen how the invention can be implemented on a commercially
usable nozzle 120’. In this embodiment, the liner 123’ is sized and configured to the body of the nozzle 120’ as disclosed
herein and further includes a flange FL which can be seated in a comparably sized counterbore formed in end 122’. In
this example, the nozzle 120’ is similarly configured and sized to utilize a liner material sleeve 123’ in such a way as to
eliminate or significantly reduce the localized thermal stresses associated with conventional nozzles, and especially so
in the arc attachment zone. The resulting thermal stress profile should be closer to that shown in Fig. 7 as opposed to
that of Fig. 6.
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Example 1 - Tungsten Alloy lining with non-optimized lining thickness

[0057] In accordance with another non-limiting example of the invention, there is provided a plasma gun nozzle of any
of the type shown in Fig. 4 having a Tungsten alloy lining wall conforming to the following requirements. The wall thickness
"C" should not be made so thin that the Tungsten alloy liner will cease protecting the copper to the point where melting
of the underlying copper occurs. On the other hand, the wall thickness "C" cannot be made too thick as it will allow
stress concentrations to quickly build and result in potential catastrophic failure of the Tungsten alloy liner. With this in
mind, one can use an existing copper nozzle body in combination with a Tungsten alloy liner having a generally cylindrical
wall thickness "C" of between about 2.0 mm and about 5.0 mm, and preferably between about 2.5 mm and about 4.0
mm, and most preferably about 2.95 mm. In embodiments, the Tungsten is alloyed with iron and nickel such as CMW
3970 which has the following weight percent composition 97W; 2.1Ni; 0.9Fe. In embodiments, each element in the
Tungsten alloy should have purity in the range of about 99% to 100%, and preferably between about 99.5% and about
100%, and most preferably between about 99.95% and about 100%.

Example 2 - Tungsten Alloy lining with optimized lining thickness

[0058] In accordance with another non-limiting example of the invention, there is provided a plasma gun nozzle of any
of the types shown in Fig. 8 having a thin Tungsten alloy lining wall conforming to the following requirements. The wall
thickness "C" should not be made so thin that the Tungsten alloy liner will cease protecting the copper to the point where
melting of the underlying copper occurs. On the other hand, the wall thickness "C" cannot be made too thick as it will
allow stress concentrations to quickly build and result in potential catastrophic failure of the Tungsten alloy liner. With
this in mind, one can use an existing copper nozzle body in combination with a Tungsten alloy liner having a generally
cylindrical wall thickness "C" of between about 0.25 mm and about 1.25 mm, and preferably between about 0.5 mm
and about 1.0 mm, and most preferably between about 0.75 mm and about 1.0 mm. In embodiments, the Tungsten is
alloyed with iron and nickel such as CMW 3970 which has the following weight percent composition 97W; 2.1Ni; 0.9Fe.
In embodiments, each element in the Tungsten alloy should have purity in the range of about 99% to 100%, and preferably
between about 99.5% and about 100%, and most preferably between about 99.95% and about 100%.

Example 3 - Molybdenum lining with non-optimized lining thickness

[0059] In accordance with another non-limiting example of the invention, there is provided a plasma gun nozzle of any
of the type shown in Fig. 4 having a Molybdenum alloy lining wall conforming to the following requirements. The wall
thickness "C" should not be made so thin that the Molybdenum liner will cease protecting the copper to the point where
melting of the underlying copper occurs. On the other hand, the wall thickness "C" cannot be made too thick as it will
allow stress concentrations to quickly build and result in potential catastrophic failure of the Molybdenum liner. With this
in mind, one can use an existing copper nozzle body in combination with a Molybdenum liner having a generally cylindrical
wall thickness "C" of between 2.0 mm and about 5.0 mm, and preferably between about 2.5 mm and about 4.0 mm,
and most preferably about 2.95 mm. In embodiments, the Molybdenum should have purity in the range of about 99%
to 100%, and preferably between about 99.5% and about 100%, and most preferably between about 99.95% and about
100%.

Example 4 - Molybdenum lining with optimized lining thickness

[0060] In accordance with another non-limiting example of the invention, there is provided a plasma gun nozzle of any
of the types shown in Fig. 8 having a thin Molybdenum lining wall conforming to the following requirements. The wall
thickness "C" should not be made so thin that the thin Molybdenum liner will cease protecting the copper to the point
where melting of the underlying copper occurs. On the other hand, the wall thickness "C" cannot be made too thick as
it will allow stress concentrations to quickly build and result in potential catastrophic failure of the Molybdenum liner.
With this in mind, one can use an existing copper nozzle body in combination with a Molybdenum liner having a generally
cylindrical wall thickness "C" of between about 0.25 mm and about 1.25 mm, and preferably between about 0.5 mm
and about 1.0 mm, and most preferably between about 0.75 mm and about 1.0 mm. In embodiments, the Molybdenum
should have purity in the range of about 99% to 100%, and preferably between about 99.5% and about 100%, and most
preferably between about 99.95% and about 100%.
[0061] In accordance with still another non-limiting example of the invention, there is provided a plasma rocket nozzle
having either a Tungsten alloy, a Molybdenum, or a thin Molybdenum lining wall conforming to requirements comparable
to those noted above.
[0062] In cases where the preferred ratio between the total wall thickness of Copper and Tungsten alloy or Molybdenum
(C+D/C) and the preferred wall thickness of Tungsten alloy or Molybdenum cannot both be met simultaneously, then
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the total ratio should be given preference.
[0063] Although the various embodiments of the nozzle disclosed herein can be manufactured in a variety of ways,
one can, by way of non-limiting example, make the same by first placing a solid Tungsten alloy or Molybdenum rod into
a casting mold and casting a copper material sleeve around the rod. Once removed from the casting mold, the cast
assembly can be machined so as to form both the outside profile and the inside profile shown in, e.g., Figs. 8-10. The
inside profile specifically includes machining sections 128 and 129 of the liner shown in Fig. 8. During the machining,
reference to the specifications shown in the above-noted table should be taken and/or to the criteria for disclosed herein
for tailoring the various values A-E described herein. Most of the machining can take place via a CNC lathe with the fins
124 being formed on a CNC milling machine.
[0064] Other materials may offer some improvement in this regard. Such materials should preferably have the following
properties. They should be more ductile and fracture tolerant than Tungsten especially under high thermal loading and
high temperature gradients. They should also have a high melting point similar or close to that of Tungsten. And when
lower, they should have a high enough thermal conductivity to compensate for having a lower melting point than Tungsten.
Potential materials include pure metals such as Silver, Iridium as they have many of the above-noted desired properties.
Although, as noted above, Silver and Iridium are arguably currently too expensive for practical use. Preferred materials
include Tungsten alloy and Molybdenum as described above. Other Tungsten alloys include those with higher amounts
of Nickel and Copper, but with lower melting points and thermal conductivity, but higher ductility as well as those with
lower amounts of Nickel and Copper, but with higher melting points and thermal conductivity, but lower ductility. Other
materials that can be alloyed with Tungsten include Osmium, Rhodium, Cobalt and Chromium. These metals possess
a high-enough melting point and high thermal conductivity such that they can be alloyed with Tungsten and utilized in
a nozzle liner material. Commercial grade Molybdenum and a Tungsten alloy having 2.1% Nickel and 0.9% Iron have
both been tested and used in nozzle liners by Applicant, and have been compared to a Copper only nozzle and to offer
significant improved performance.
[0065] It is noted that the foregoing examples have been provided merely for the purpose of explanation and are in
no way to be construed as limiting of the present invention. While the present invention has been described with reference
to an exemplary embodiment, it is understood that the words which have been used herein are words of description and
illustration, rather than words of limitation. Changes may be made, within the purview of the appended claims, as presently
stated and as amended, without departing from the scope of the present invention in its aspects. Although the present
invention has been described herein with reference to particular means, materials and embodiments, the present invention
is not intended to be limited to the particulars disclosed herein; rather, the present invention extends to all
structures, methods and uses, such as are within the scope of the appended claims.

Claims

1. A plasma nozzle (20,120) comprising:

a nozzle body;
a liner material (23,123) arranged within the nozzle body; and
the liner material having a higher melting temperature than the nozzle body and the liner material comprising
one of:

a Tungsten alloy having a wall thickness significantly greater than 0.25 mm; and
aTungsten alloy having a wall thickness greater than 0.5 mm; and Molybdenum having a wall thickness of
between about 0.25 mm and about 1.25 mm; and
Silver having a wall thickness of between about 0.25 mm and about 1.25 mm; and
Iridium having a wall thickness of between about 0.25 mm and about 1.25 mm;

wherein the plasma nozzle is for a plasma rocket.

2. The plasma nozzle of claim 1, wherein the plasma nozzle is for a thermo spray gun or for a plasma cutting torch or
for a plasma generator.

3. The plasma nozzle of claim 1, wherein the nozzle is a replaceable nozzle.

4. The plasma nozzle of claim 1, wherein at least one of:

a wall thickness of the liner material has a value determined in relation to a wall thickness of the nozzle body; and
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a ratio of a total wall thickness of a portion of the nozzle to that of a wall thickness of the liner material has a
value determined in relation to or that corresponds to the wall thickness of the liner material.

5. The plasma nozzle of claim 4, wherein the ratio is equal to or greater than about 3.5:1.

6. The plasma nozzle of claim 4, wherein the ratio is at least one of:

between about 3.5:1 and about 7:1;
between about 4.1:1 and about 6:1; and
about 5:1.

7. The plasma nozzle of claim 4, wherein the wall thickness of the liner material is at least one of:

between about 0.25 mm and about 1.25 mm;
between about 0.50 mm and about 1.0 mm; and
between about 0.75 mm and about 1.0 mm.

8. A method of making the nozzle of claim 4, comprising:
forming the liner material with a wall thickness whose value takes into account at least one of:

a wall thickness of a portion of the nozzle body; and
a ratio of a total wall thickness of a portion of the nozzle to that of a wall thickness of a portion of the liner material.

9. A method of coating a substrate using a thermo spray gun, comprising:

installing the nozzle of claim 2 on a thermo spray gun; and
spraying a coating material onto a substrate.

Patentansprüche

1. Eine Plasmadüse (20, 120), umfassend:

einen Düsenkörper;
ein innerhalb des Düsenkörpers angeordnetes Auskleidungsmaterial (23, 123); und
wobei das Auskleidungsmaterial eine höhere Schmelztemperatur als der Düsenkörper aufweist und das Aus-
kleidungsmaterial eines umfasst von:

eine Wolframlegierung mit einer Wandstärke von deutlich mehr als 0,25 mm; und
eine Wolframlegierung mit einer Wandstärke von mehr als 0,5 mm; und
Molybdän mit einer Wandstärke zwischen etwa 0,25 mm und etwa 1,25 mm; und
Silber mit einer Wandstärke zwischen etwa 0,25 mm und etwa 1,25 mm; und
Iridium mit einer Wandstärke zwischen etwa 0,25 mm und etwa 1,25 mm;

wobei die Plasmadüse für eine Plasma-Schubdüse bestimmt ist.

2. Die Plasmadüse nach Anspruch 1, wobei die Plasmadüse für eine Thermo-Spritzpistole oder für einen Plasma-
Schneidbrenner oder für einen Plasmagenerator bestimmt ist.

3. Die Plasmadüse nach Anspruch 1, wobei die Düse eine austauschbare Düse ist.

4. Die Plasmadüse nach Anspruch 1, wobei mindestens eines gilt von:

eine Wandstärke des Auskleidungsmaterials hat einen Wert, der in Bezug auf eine Wandstärke des Düsenkör-
pers bestimmt wird; und
ein Verhältnis einer Gesamtwandstärke eines Teils der Düse zu der einer Wandstärke des Auskleidungsma-
terials hat einen Wert, der in Bezug auf die Wandstärke des Auskleidungsmaterials bestimmt wird oder dieser
entspricht.
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5. Die Plasmadüse nach Anspruch 4, wobei das Verhältnis gleich oder grösser als etwa 3,5:1 ist.

6. Die Plasmadüse nach Anspruch 4, wobei das Verhältnis mindestens eines ist von:

zwischen etwa 3,5:1 und etwa 7:1;
zwischen etwa 4,1:1 und etwa 6:1; und
etwa 5:1.

7. Die Plasmadüse nach Anspruch 4, wobei die Wandstärke des Auskleidungsmaterials mindestens eine ist von:

zwischen etwa 0,25 mm und etwa 1,25 mm;
zwischen etwa 0,50 mm und etwa 1,0 mm; und
zwischen etwa 0,75 mm und etwa 1,0 mm.

8. Ein Verfahren zur Herstellung der Düse nach Anspruch 4, umfassend:
Gestalten des Auskleidungsmaterials mit einer Wandstärke, deren Wert mindestens eines berücksichtigt von:

eine Wandstärke eines Teils des Düsenkörpers; und
ein Verhältnis einer Gesamtwandstärke eines Teils der Düse zu der einer Wandstärke eines Teils des Ausklei-
dungsmaterials.

9. Ein Verfahren zum Beschichten eines Substrats unter Verwendung einer Thermo-Spritzpistole, umfassend:

Installieren der Düse nach Anspruch 2 an einer Thermo-Spritzpistole; und
Sprühen eines Beschichtungsmaterials auf ein Substrat.

Revendications

1. Une buse à plasma (20, 120), comprenant:

un corps de buse;
un matériau de revêtement (23, 123) disposé à l’intérieur du corps de buse; et
le matériau de revêtement ayant une température de fusion plus élevée que le corps de buse et le matériau de
revêtement comprenant l’un des:

un alliage de tungstène ayant une épaisseur de paroi sensiblement supérieure à 0,25 mm ; et
un alliage de tungstène ayant une épaisseur de paroi supérieure à 0,5 mm ; et
le molybdène ayant une épaisseur de paroi comprise entre environ 0,25 mm et environ 1,25 mm; et
l’argent ayant une épaisseur de paroi comprise entre environ 0,25 mm et environ 1,25 mm ; et
l’iridium ayant une épaisseur de paroi comprise entre environ 0,25 mm et environ 1,25 mm ;

dans laquelle la buse à plasma est destinée à une fusée à plasma.

2. La buse à plasma selon la revendication 1, dans laquelle la buse à plasma est destinée à un pistolet de pulvérisation
thermique ou à une torche de découpe au plasma ou à un générateur de plasma.

3. La buse à plasma selon la revendication 1, dans laquelle la buse est une buse remplaçable.

4. La buse à plasma selon la revendication 1, dans laquelle au moins un des s’applique:

une épaisseur de paroi du matériau de revêtement a une valeur déterminée par rapport à une épaisseur de
paroi du corps de buse ; et
un rapport entre une épaisseur de paroi totale d’une partie de la buse et celle d’une épaisseur de paroi du
matériau de revêtement a une valeur déterminée par rapport à ou qui correspond à l’épaisseur de paroi du
matériau de revêtement.

5. La buse à plasma selon la revendication 4, dans laquelle le rapport est égal ou supérieur à environ 3,5:1.
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6. La buse à plasma selon la revendication 4, dans laquelle le rapport est au moins un des:

entre environ 3,5:1 et environ 7:1 ;
entre environ 4,1:1 et environ 6:1; et
environ 5:1.

7. La buse à plasma selon la revendication 4, dans laquelle l’épaisseur de paroi du matériau de revêtement est d’au
moins un des:

entre environ 0,25 mm et environ 1,25 mm;
entre environ 0,50 mm et environ 1,0 mm; et
entre environ 0,75 mm et environ 1,0 mm.

8. Un procédé de fabrication de la buse selon la revendication 4, comprenant:
former le matériau de revêtement avec une épaisseur de paroi dont la valeur prend en compte au moins un des:

une épaisseur de paroi d’une partie du corps de la buse; et
un rapport entre une épaisseur de paroi totale d’une partie de la buse et celle d’une épaisseur de paroi d’une
partie du matériau de revêtement.

9. Un procédé de revêtement d’un substrat à l’aide d’un pistolet de pulvérisation thermique, comprenant:

installer la buse selon la revendication 2 sur un pistolet de pulvérisation thermique; et
pulvériser un matériau de revêtement sur un substrat.
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